abStract intrinsic equilibrium constants of 17 representative brazilian oxisols were estimated from potentiometric titration measuring the adsorption of h + and oh − on amphoteric surfaces in suspensions of varying ionic strength. Equilibrium constants were fitted to two surface complexation models: diffuse layer and constant capacitance. The former was fitted by calculating total site concentration from curve fitting estimates and pH-extrapolation of the intrinsic equilibrium constants to the pznpc (hand calculation), considering one and two reactive sites, and by the FITEQL software. The latter was fitted only by FITEQL, with one reactive site. Soil chemical and physical properties were correlated to the intrinsic equilibrium constants. Both surface complexation models satisfactorily fit our experimental data, but for results at low ionic strength, optimization did not converge in fiteQl. data were incorporated in Visual minteQ and they provide a modeling system that can predict protonation-dissociation reactions in the soil surface under changing environmental conditions.
Surface complexation modeling in Variable

introduction
The destination of metals and organic and inorganic substances in the environment is strongly dependent on soil pH (Jonsson, 2007; Davis, 2008) . Simulations of H + and OH -adsorption in soil particles through intrinsic equilibrium constants (log K a int ) in geochemical speciation models are an important step toward defining movement of substances in the soil profile.
Surface interactions involving simple minerals, as well as synthesized single metal oxide and hydroxide minerals, were described using surface complexation models (SCMs). These models are similar in their descriptions of surface reactions, each treating the surface as if it were composed of amphoteric hydroxide functional groups capable of reacting with sorbing cationic or anionic species to form surface complexes. The models differ in complexity, their descriptions of the electrical diffuse layer, and how changes in the background electrolyte concentration are incorporated in model computations (Kriaa et al., 2009) . Among SCMs, the double layer model (DLM) and the constant capacitance model (CCM) were applied to model the experimental results of oxide surfaces (Stumm et al., 1980; Dzombak and Morel, 1990) . Application of SCMs to soils is less common than to pure minerals because of the complex chemical composition of soils (Kriaa et al., 2009 ). Intrinsic surface protonation-dissociation parameters for surface complexation modeling in soils are often adopted from calculations on compilations of reference hydrous oxide minerals (Charlet and Sposito, 1987) . However, models that are based on oxide systems often give unsatisfactory results when applied to the measurement of surface charge chemistry of soils (Duquette and Hendershot, 1993) .
Although the surface charge behavior of Oxisols is dominated by inorganic hydroxyl groups lying at the particle surface that are similar to the surfaces of pure oxide systems (Duquette and Hendershot, 1993) , log K a int values of protonation-dissociation constants for two Oxisols were found to be 2 to 4 log units smaller than typical values for Al and Fe hydrous oxides by Charlet and Sposito (1987) . Smaller log K a int values for Oxisols reflect the effect of organic materials coating mineral surfaces that interferes in charge-dependent soil reactions (Marchi et al., 2006; Dobbss et al., 2008; Alleoni et al., 2009) .
Surface complexation models (SCMs) are directly linked to the surface area of the materials under study, and log K a int values of Oxisols are strongly influenced by the effect of organic substances. In a study of more than 400 Oxisol profiles, Tognon et al. (1998) showed that increases in clay content increased soil organic matter content. Therefore, surface area in Oxisols is a covariant of soil organic matter.
Log K a int values estimated from potentiometric titration data of soils may be used to define model parameters for use in DLM and CCM. Use of these parameters within the Visual MINTEQ may provide a modelling system that can predict protonation-dissociation reactions in the soil surface under changing environmental conditions. for use in DLM (considering one or two surface reactive sites) and in CCM.
material and methodS
Original titration data of soils from Silva et al. (1996) were used to estimate log K a int for 17 Oxisols (Tables 1 and 2 ). The authors used samples from the 0.00-0.20 m layer of Oxisols collected from several Brazilian regions, which were sieved through a 2 mm mesh. Further details and location of origin of each of these soils were published elsewhere (Silva et al., 1996; Pierangeli et al., 2001) . This data was selected because these soils are representative Brazilian Oxisols; and as the soil is well characterized, including surface area data, it is among the few Brazilian published works that allow the present study to be performed. Soil titration was performed in triplicate with the use of 5 g of soil in 25 mL NaCl solutions of 1.0, 0.1, and 0.001 mol L -1 . The pHs of the suspensions were adjusted with 1 mL of 0.02 mol L -1 HCl or NaOH and allowed to come to equilibrium for 72 h for each step in titration. The operation was repeated until the pH's of the suspensions were near 3 with the addition of acid, or near 8 with the addition of base. A control sample of solution without soil was simulated using the chemical speciation software Visual MINTEQ (Gustafsson, 2014) . The SIT equation (Sukhno and Buzko, 2004) was used for corrections in ion ic activity.
Two surface complexation models were considered: the diffuse layer model (DLM) (Dzombak and Morel, 1990) , and the constant capacitance model (CCM) (Stumm et al., 1980) . Parameters for the DLM were estimated by the following methodology.
The adsorption density of potential determining ions (H + and OH -) in the soil was calculated from the experimental data as follows (Equation 1):
where Γ H and Γ OH are the net surface H + and OH -adsorption densities (mol m -2 ), respectively; a is the specific surface area (m 2 g -1 ); S is the solid to solution ratio (g L The net proton surface charge density, σ H (C m -2 ), was calculated (Equation 2):
where F is the Faraday constant (96485 C mol -1 ). Silva et al. (1996) and Pierangeli et al. (2001) ;
(2) Vm-OH: hydroxy-interlayered vermiculite; Kt: kaolinite; Gb: gibbsite; Gt: goethite; Hm: hematite; Mh: maghemite; SiO 2 , Al 2 O 3 , and Fe 2 O 3 (Vettori, 1969; Embrapa, 1979) 
Eq. 3
The mass balance on the total number of adsorption sites is assumed as imposed via equation 4:
where S denotes a structural metal ion of the oxide surface; SOH + 2 , SOH 0 , and SO -are the protonated, neutral, and deprotonated surface species, respectively; and surface plane protons are depicted by H + .
A curve fitting hydrogen ion sorption was adapted from Duquette and Hendershot (1993) , where the maximum charge developed from one site (Q m = SO -+ SOH) can be integrated in an equation, such as the Multi-Langmuir. Whereas these authors used the approach for back titration, the approach can be used to estimate the maximum charge for an acid-base titration as Q m = B max = SOH The acid/base properties of an amphoteric oxide surface are described by two reactions (Charlet and Sposito, 1987 ) (Equations 6 and 7):
where { } denotes the concentration of surface species (mol kg -1 ).
Microscopic acidity constants where then calculated from conditional equilibrium constants. Intrinsic equilibrium constants were estimated by the graphical method (Stumm and Morgan, 1996) .
The software FITEQL 4.0 (Herbelin and Westall, 1999 ) was used to estimate intrinsic constants for the CCM. As the CCM is very insensitive to values of capacitance density (C 1 ) (Goldberg, 1995) , and the choice of this value is arbitrary (Hayes et al., 1991) ; Hayes et al. (1991) recommended using the best fit values (~1.0 F m -2 ). We chose to use a C 1 value of 1.06 F m 2 (derived from Al oxides) (Westall and Hohl, 1980) . Intrinsic equilibrium constants passed through Dixon's outlier and normality (Shapiro-Wilk and Lilliefors) tests using PROUCL software (Maichle and Singh, 2013) . Intrinsic equilibrium constants were correlated linearly (Pearson's r) with soil properties, as shown in Silva et al. (1996) , and Pierangeli et al. (2001) .
reSultS and diScuSSion
Values of experimental charge density of soils estimated from titration at various ionic strengths ( Figure 1 ) were used to estimate values of surface charge (Figure 2) . At a given ionic strength, surface charge density decreased with increasing pH for all soils studied. The highest values of surface charge density were measured at low pH for all soils. An Oxisol from Paranavaí, PR, there was a convergence at the point of zero salt effect (PZSE) for all three curves (Figure 1 ). Convergence at the PZSE did not happen to all 17 soils, and was also observed in another study (Chorover and Sposito, 1995) . Silva et al. (1996) and Pierangeli et al. (2001) ; a: soil specific surface area (Carter et al., 1965) ; OM: soil organic matter (Embrapa, 1979).
Estimates of total site concentration (Nt; Figure 2 ) rendered coefficients of determination (R 2 ) ranging from 0.94 to 0.99 for all soils and ionic strengths. Inner-sphere surface complex charge is negligible in Oxisols (Charlet and Sposito, 1987) and H + and OH -react with multiple soil surface functional groups, i.e., organic and inorganic surface functional groups from different minerals (Duquette and Hendershot, 1993) . Thus, data transformation allowed fitting data below the point of zero net charge (PZNC), where positive and negative charges coexist.
In contrast with total surface charge estimated by hand calculation, results from titration data optimized in surface complexation models by FITEQL reveal that the weighted sum of squares of the residuals/degrees of freedom (WSOS/DF), a quality-of-fit parameter calculated from titration of soils, exceeded the limit recommended for pure minerals. It is assumed that the smaller value of WSOS/DF renders the best fit estimates. In general, values below 20 (for pure minerals) are considered as good fits (Herbelin and Westall, 1999) . Given the differences between soils and pure minerals, as presented by Duquette and Hendershot (1993) , soils are expected to exhibit greater variability and increased WSOS/DF values. Studying a Tunisian glauconite complex natural clay mineral, Kriaa et al. (2009) considered WSOS/DF values above 300 as unsatisfactory. For the calculations performed using FITEQL in our experimental data, average WSOS/DF values were above 300 (Table 3) .
Values of Nt were set to be optimized through FITEQL, but some of the titration data of soils did not converge. As Nt values increase, convergence of the FITEQL program becomes more difficult, and overflow and singularity are two types of convergence problems (Goldberg, 1991) . FITEQL optimized data of average site concentration for DLM and CCM (1 mol L -1 NaCl), and, for CCM (0.1 mol L -1 NaCl), this value was close to the value estimated by hand calculation (Excel spreadsheet; table 3) and was more consistent (lower standard deviation) among soils than values from hand calculation. The interfacial potential in the CCM [equation details described in Goldberg (1992) ] does not depend on ionic strength, and the CCM surface equilibrium constants cannot be corrected for changing ionic strength conditions. Because of that, a different set of CCM surface constants is required for each set of ionic strength conditions to be modeled (Kriaa et al., 2009 ).
Site density (Ns) or concentration (Nt) is a sensitive and important parameter for both models (Hayes, et al., 1991) , and, in speciation programs, is directly related to surface area and charge density or concentration of the material under study. Some publications (Goldberg et al., 2002; Goldberg, 2004; Goldberg et al., 2005) show a standard value for Ns used for soils of 2.31 sites nm -2 (information to convert Ns values to Nt is included in table 3). This Ns value was recommended for natural materials by Davis and Kent (1990) . The value proposed by these authors may be subject to optimization from FITEQL.
For an Oxisol from Brazil, Charlet and Sposito (1987) found an Nt value of 144 ± 45 (I = 0.5 mol L -1 NaCl; 1:1 background electrolyte suspensions). This value was used in equations such as 6 and 7 to estimate intrinsic surface equilibrium constants. These authors estimated log K a1 int and log K a2 int values of 2.33 and -6.34 in 9 mmol L -1 NaCl, and 2.07 and -5.97 in 3.6 mmol L -1 KNO 3 , respectively. These values were very similar to those shown in tables 3, 4, and 5. Charlet and Sposito (1987) also noted that values were 2 to 4 log units smaller than typical values for Al and Fe hydrous oxides, and that the difference reflects stronger surface acidity of the Oxisol relative to the metal oxides. The use of model parameters derived from average pure oxide materials such as log K a1 int = 7.35, and log K a2 int = -8.95 (Goldberg and Sposito, 1984a,b) for Oxisol speciation would lead to a shift to the right (Figure 3) for dominant species, and the net surface charge would be positive for pH values from 4.5 to 6.5 (pH range of crop soils), which is not realistic. Therefore, modeling soils with initial inputs derived from oxide materials requires refitting and corrections for model geometry that may be optimized by FITEQL (Goldberg et al., 1996; Goldberg, 1999 Goldberg, , 2000 Miller, 2001) .
Surface charge and organic matter concentrations in surface horizons of Oxisols are closely related, and organic matter causes the point of zero salt effect (PZSE) to decrease (Dobbss et al., 2008) . The authors suggest that mineral surfaces may be coated by organic matter that changes surface charge behavior. After the authors removed organic matter by 0.1 mol L -1 NaOH from two Oxisols with clay mineralogy dominated by Fe and Al oxides, the PZSE shifted from 4.0 -5.0 to 9.3 -9.5, and, from two Oxisols with clay mineralogy dominated by kaolinite, from 4.1 to 5.7. Organic matter, therefore, has a big impact on the soil surface charge of Oxisols and may account for more than 50 % of the total charge for these highly weathered soils (Alleoni et al., 2009 ). For SCM, in which results from further speciation are very strongly bound to soil surface area, and organic matter effects are not directly represented, a great variation in log K a int values among soils would render the modeling nearly impossible. However, log K a int variability for this group of soils was very small, probably because, for Brazilian Oxisols, organic matter and clay content are very closely related, and so is surface area (Tognon et al., 1998) .
Of the 17 soils in the present study, two soils exhibited log K a int values that were considered outliers by Dixon's outlier test. One of them, a soil from Lavras, MG (soil no. 10), exhibited average log K a1 int = 8.30 ± 0.29, and another, a soil from Londrina, PR, log K a2 int = -0.49 ± 0.76. These two soils will not be well represented by the present modeling, and there is no evidence from soil properties ( Tables 1 and 2 ) that supports a difference in their log K a int values from other soils studied.
As the ionic strength of the data sets increased, the optimized values of intrinsic equilibrium constants decreased (Table 4) . For the DLM, in 1 mol L -1 NaCl, hand calculation results (Table 4) were very close to those estimated by FITEQL (Table 5 ). Correlation of log K a int , considering only one site, and soil properties from tables 1 and 2 showed that total Fe 2 O 3 was positively and consistently (in all, or at least two studied ionic strengths) correlated with log K a2 int for DLM (p<0.1). Surface area and kaolinite content correlated positively with log K a1 int for DLM (p<0.05), except for 1 mol L -1 NaCl.
When two sites were considered, log K a int from site A, for the 17 soils, correlated negatively with organic matter (p<0.1); and log K a2 int correlated positively with total Fe 2 O 3 (p<0.1). Even though the log K a int for all soils in site A did not exhibit normal distribution, its standard deviation was higher than the other average log K a int values, and soils could not be accurately represented in the model. These results could clearly According to the chemical equilibrium considered in this study, surface speciation of soils (Figure 3) , following results from Visual MINTEQ, show that from pH = 1.0 to 8.5, where (Figure 3) , and with the increase of pH from 4.5 to 6.5 (usually found in crop soils in Brazil), the charge increases from virtually nill to ~109.9 mmol kg -1 as [SO - ] in the soil.
concluSionS
Estimated values are ready for incorporation in geochemical speciation platforms such as Visual MINTEQ and provide a modeling system that can predict the protonation-dissociation reactions in Oxisols under changing environmental conditions. Both values, estimated by hand calculation or optimized by FITEQL, allowed simulation of values of surface charges in Oxisols for varying pH values using Visual MINTEQ.
These values are more appropriate for use in surface complexation reaction modeling in Oxisols than using model parameters derived from average pure oxide materials.
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